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iABSTRACT
This dissertation was written as a part of the MSc in Energy Systems at the
International Hellenic University. Its purpose is to evaluate solar combi plus systems in
Greek residential buildings, providing in this way a step towards nearly zero energy
buildings.
The performance of a solar combi plus system for a typical three floor residential
building located in four cities (Heraklion, Thessaloniki, Athens, Kastoria) is evaluated.
TEE KENAK Software is used for calculating the building’s heating and cooling
requirements. These requirements are used in F-Chart method for the initial
dimensioning of the system (size of the collector and volume of the tank) for both
selective flat plate collectors system and evacuated tube collectors system. The results
indicate that the major design parameter is the collector area and that for a given
collector area, higher solar fractions can be achieved from evacuated tube collectors.
Moreover, Transol was used for the dynamic simulation of the system. The system is
composed of a Li-Br absorption chiller, selective flat plate collectors and a gas
condensation boiler backup system. The power of both the absorption chiller and the
back up boiler is selected so as to cover the peak heating and cooling loads of the
building, which are calculated by Elite Software. The results obtained from the
simulation system indicate that solar combi plus system can contribute at a large
percentage to the reduction of fossil fuel consumption in residential buildings.
Finally, for the completion of this dissertation the contribution of Dr Martinopoulos
Georgios was valuable and I would like to thank him for his useful guiding and
scientific support.
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11.  Introduction and goal
Energy is integral to almost every aspect of modern life. It is used  for transportation,
communication, industrial and domestic purposes like heating, cooling, cooking,
lighting as well as other appliances [1]. Both economic growth and technological
advancement of a country depends on it.
1.1 Introduction
Nowadays, there is an significant increase of energy demand due to three vital factors -
population, per capita energy consumption and economic growth [2]. Global energy
demand will grow by more than one-third up to 2035, with China, India and the
countries of the Middle East being responsible for more than 60% of that increase.
Energy demand rises especially in OECD countries, although there is a pronounced
shift away from carbon sources like oil or coal towards natural gas and renewables [3].
Currently, despite the growth in alternative sources of energy, most of the energy needs
are met by coal, oil, natural gas, and uranium. Thus, fossil fuels remain dominant in the
global energy mix [3].
Because of the constant increase in the energy demand and the limited resources of
fossil fuels, there is an imperative need to shift towards renewable energy sources. This
shift is also reinforced by the fact that fossil fuel resources have negative environmental
impacts. Many efforts from both the United Nations (UN) and the European Union
(EU) in the form of policies were implemented for the reduction of greenhouse gas
emissions and the promotion of renewable resources. The most important directive is
Directive 2009/28/EC, requiring EU member states to produce a pre-agreed portion of
their energy consumption from renewable sources in order that the EU as a whole shall
obtain at least 20% of total energy consumption from renewables by 2020 [4].
Another important Directive is European Directive 2006/32/EC on energy end-use
efficiency and energy services, which states that Member States must adopt and achieve
an indicative energy saving target of 9 % by 2016 in the framework of a national energy
efficiency action plan [NEEAP]. The EU Member States should establish indicative
targets and incentives so as to achieve this target. Some of the main areas for potential
energy conservation are the building sector and especially energy end-use efficiency in
the public sector, promotion of energy end-use efficiency and energy services [5].
2The above mentioned Directives, in combination with the Kyoto Protocol which sets
targets for 37 industrialized countries and the European community for reducing
greenhouse gas (GHG) emissions, open the route towards the use of renewable energy.
1.2  Motivation and goal
As energy is associated with every part of our daily lives, domestic energy consumption
constitutes a significant part of the total energy consumption, with the space
heating/cooling and domestic hot water having the biggest percentage of  domestic
energy consumption.
The European building sector accounts for 37,1% of the total final energy consumption
(1.157,7 Mtoe in 2007) in EU-27 of which 284,6 Mtoe in residential buildings and
145,2 Mtoe in non-residential buildings [6, 7]. In Greece, according to the National
Information System for Energy [8] final energy demand consumption in Hellenic
buildings was 86.795 GWh or about 34% of the total energy consumption of 2007.
Moreover, residential buildings are the fourth largest key source of CO2 emissions in
the EU and account for 9,9% of total emissions in 2007, while emissions from non-
residential buildings are ranked fifth and account for 3,9% of the total CO2 emissions in
EU-27 [6].
Since the building sector accounts for 40% of total energy consumption in the EU and it
is expanding, the reduction in energy consumption and the penetration of renewable
energy resources constitute important measures so as to reduce EU’s energy
dependency and GHG emissions [9]. For the above reasons, the concept of Zero Energy
Building (ZEB) has gained wide international attention and is now seen as the future
target for the design of buildings. However, before being fully implemented in the
national building codes and international standards, the ZEB concept requires a clear
and consistent definition [10].
Net zero energy building is a building with zero net energy consumption and zero
carbon emissions annually [11]. Net zero energy building are not cost efficient yet,
leading to nearly zero energy buildings. Based on the Directive 2010/31/EU the amount
of energy required by a nearly zero energy building should be covered to a very
significant extent by energy from renewable resources, including energy from
renewable resources produced on-site or nearby.
3According to the Directive all Member States shall ensure that by 31 December 2020,
all new buildings will be nearly zero energy buildings and after 31 December 2018,
new buildings occupied and owned by public authorities shall be nearly zero energy
buildings [9].
In the near future, all buildings must have high energy performance which means that
the amount of energy needed to meet their energy demand including energy used for
heating, cooling, ventilation, hot water, lighting, should be covered to a very significant
extent from renewable resources. Since the biggest amount of energy, in the builidng
sector is consumed for space heating/cooling and hot water, large focus must be given
to these sections.
The most appropriate renewable source of energy for achieving space heating/cooling
and hot water energy demands is solar energy, which is abundant in southern Europe,
especially in Greece (figure 1.1).
Figure 1.1: Yearly sum of global irradiation on a horizontal surface in Greece.
4Combined solar heating and cooling systems (solar combi-plus) is one possible
approach for both reducing the energy consumption of conventional energy sources in
the domectic sector (buildings) and also for supporting European and national efforts to
meet their energy saving targets.
In this dissertation, a solar thermal heating and cooling system, at a residential building
is studied through its design, installation, modelling and evaluation. The solar thermal
heating and cooling system, provides space heating/cooling and domestic hot water at
the building all the year. In order to evaluate the performane of the investigated system
in various climatic conditions, the analysis was performed for four cities of Greece
(Thessaloniki, Athens, Heraklion, Kastoria). As described in KENAK, taking into
account the heating degree days (HDD) - the sum of number of degrees that the average
daily temperature is below a base temperature-, Greece is divided in four climatic
zones. Thus, one city was chosen for each of the four climatic zones.
52. Literature review
2.1 General
The use of solar energy for both domestic hot water production and space heating has
grown considerably over the years in several countries. By the end of 2011 global
installed capacity of solar collectors was approximately 234,6 GWth (335,1 million m2) ,
including glazed flat-plate collectors at 65,4 GWth (93,4 million m2), evacuated tube
collectors at 146,1 GWth (208,8 million m2), 21,5 GWth (30,7 million m2) for unglazed
water collectors, and 1,5 GWth (2,2 million m2) for glazed and unglazed air collectors
[12].
In Europe, flat plate and evacuated tube collectors are mainly used for domestic hot
water production and space heating. According to the European Solar Thermal Industry
(ESTIF), at the end of 2012 the total installed capacity in the EU reached 28,3 GWth
(40,5 million m2 of glazed collector area). Germany represents almost 40% of the
European market (newly installed capacity), followed by Italy (10%), Poland (9%),
France and Greece by 7% each [13].
2.2 Solar Energy in Europe
The European market is well developed for different solar thermal applications. The
simplest are that of domestic hot water production using natural flow systems
(thermosyphon) without any pumps which are mainly used in southern Europe.
More complicated circulation systems for combined production of DHW and space
heating (combi systems) are more common in countries of the central and northern
Europe [14]. The market for solar combi systems is well established in some mature
European markets such as in Germany (43% of the total market) and Austria (44% of
the total market) [12]. Although solar cooling is an emerging market with a huge
growth potential there are many obstacles to face like high cost and lack of experience
with the design, control, operation, installation and maintenance of these systems.
Furthermore for low power cooling systems, there are limited commercially available
technologies.
62.3 Solar Energy in Greece
Greece was one of the pioneers in employing solar thermal systems worldwide and
after being for a long time the leader in possessing the highest collector area per capita
in the EU, recently fell to the third place after Cyprus and Austria.
First mass sales of solar collectors started the period 1975–1984, and since then, the
installed surface increased steadily until the period from 1984 to 1986 where sales
started to increase rapidly (218.000 m2 annually). From 1987 to 1993 the increase of the
installed area of solar collectors was constant. After 1994 the domestic market is
practically constant with new installations balancing out the replacement of old systems
[15]. Nowadays, despite the difficult financial conditions in Greece solar market is still
growing. Newly installed capacity reached 170,1 MWth (243.000 m²) (figure 2.1).
Figure 2.1: Solar thermal market in Greece [13].
In Greece almost 90% of the installed systems are thermosyphonic. Although the new-
build housing market has shrinked, the increase is due to the replacement of electric and
oil water heating systems, because energy costs have driven consumers towards the
more economical solar thermal solution. Furthermore, as customers are happy with
solar systems, they replace systems that were first installed 15 to 20 years ago [13].
7In terms of total installed capacity, Greece now accounts 2,9 GWth (4,1 million m²)
(figure 2.1) and has the second largest total installed capacity, after Germany [13].
2.4 Application of solar assisted heating and cooling systems in buildings.
There is a large number of authors which have been involved in investigations and
optimisations of solar combi plus systems [16–20]. The theoretical analysis and
simulations are performed mostly by computer codes [21, 22]. The most used software
is TRNSYS [18, 23] and MATLAB [24]. Many parameters, such as the type of
collector, the volume of the cold and hot storage tank, the type of the chiller are
examined concerning the improvement of the system’s performance. Several analysis,
especially concerning non residential buildings, have been conducted for various
climatic areas [23, 25, 18, 24].
A dynamic simulation model for the performance analysis of a solar combi plus system
was implemented in a computer code written in MATLAB [24]. The study reffered to a
building including both offices and dwellings located in Northern and Southern Italy.
The system was based on single stage LiBr-H2O absorption chillers and on both
evacuated-tube collectors and concentrating photvoltaic thermal solar collectors. It was
found that, by evacuated tube collectors, primary energy savings could reach 74%,
while shifting to concentrating photvoltaic thermal solar collectors, primary energy
savings could often surpass 100%.
A solar combi plus system was studied at Carnegie Mellon University through its
design, installation, modeling, and evaluation, which was installed in a building space
in Pittsburgh, PA [23]. This solar combi plus system was composed of 52 m2 of linear
parabolic trough solar collectors, a 16 kW double effect, water–lithium bromide (LiBr)
absorption chiller, and a heat recovery heat exchanger with their appropriate circulation
pumps and control valves. The performance of the system was developed in TRNSYS.
On the basis of the installed solar system, many data were changed -area and orientation
of the solar collectors, the inclusion of thermal storage in the system, changes in the
pipe diameter and length, and various system operational control strategies- for
improving system performance. Finally, it was found that the installed solar combi plus
system could potentially supply 39% of cooling and 20% of heating energy including a
properly sized storage tank and short, low diameter connecting pipes.
8Further analysis for different building types like residential, office and hotel buildings
was evaluated using the TRNSYS model (self-deciding whether to operate in heating or
cooling modes and with the possibility of combining cooling, heating and DHW
applications), installed in three different locations and climates: Berlin (Germany),
Lisbon (Portugal), and Rome (Italy) [18]. Energy, economic results and CO2 emissions
savings were presented for all cases. It was found that by using solar combi plus
systems is possible to save in total costs and CO2 emissions especially in South –
European locations. Moreover the hotel and the residential building has a higher
economic feasibility in relation to office building.
Most of the investigated solar combi plus systems are based on flat plate or evacuated
tube solar collectors [13,22,27].
93.  Solar Combi Plus Systems for buildings
Nowadays, since the concept of zero energy buildings is of major importance, energy
saving and energy efficiency measures have to be fully exploited. Although these
measures are to be taken, a demand for active heating, cooling and hot water is a
prerequisite for most of the buildings and under most climatic conditions. In this
chapter, solar technologies, covering part of the demand for space heating, cooling and
domestic hot water will be discussed.
The most common solar energy thermal application is that for domestic hot water
(DHW) production. However, the same solar collectors can be used to deliver thermal
energy for space heating (figure 3.1) [28].
Figure 3.1: DHW system (left) and Space Heating and DHW system (right) [CRES].
As it is illustrated in figure 3.1 a typical installation for the production of both space
heating and DHW (solar combi systems) is composed of the solar collectors, the heat
storage tank and a boiler used as an auxiliary heat source. It is obvious that the area of
collectors is bigger in solar combi systems than that of DHW system, as the load
needed to be covered is bigger.
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3.1 Solar Combi Plus Systems
Solar combi plus systems use heat from solar thermal collectors so as to provide space
heating in winter, space cooling in summer and domestic hot water all the year.
Figure 3.2 illustrates the main components of a solar combi plus system:
(i) the solar thermal collector which provides the heat,
(ii) the storage tank which can be installed either on the hot or in the cold side. It can be
also installed in both sides.
(iii) the domestic hot water preparation unit,
(iv) the sorption chiller (thermally driven cooling device),
(v) the cooling tower or another heat sink where heat rejection takes place,
(vi) and the cold and the hot distribution system [29].
Figure 3.2: Typical setup of a solar combi plus system [CRES].
3.1.1 Sollar  collectors
The solar collector is the major component of any solar system since it absorbs solar
radiation, converts it into heat and transfers it to a medium (usually water) [30].
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There are two types of solar collectors: non concentrating and concentrating collectors.
In the non concentrating type, the collector area is the same as the absorber area.
Concentrating solar collectors concentrate solar energy onto a small area. The collectors
which are used in solar combi plus systems are usually stationary (non concentrating)
collectors [30].
There are three collector technologies available on the market:
1. Flat plate collectors (FPC);
2. Evacuated tube collectors (ETC).
3. Stationary compound parabolic collectors (CPC);
Flat-plate collectors (figure 3.3) are the most common solar collectors used in solar
systems. A flat-plate collector is an insulated metal box with a glass or plastic cover on
the top (the glazing) and a dark-colored absorber plate on the bottom. Solar radiation is
absorbed by the absorber plate and is transferred to a medium that circulates through
the collector in tubes [31].
Evacuated tube collectors (figure 3.3) consist of a large number of glass tubes. Each
evacuated tube consists of 2 layers of glass with a vacuum layer between them,
providing large insulation. Evacuated tubes have a special coating on the inner tube
layer which absorbs radiation from the sun. The evacuated tube is heated by the sun and
the liquid in the heat pipe changes state (gas). The gas rising to the top of each pipe
carries the heat to the top of the collector. The cold water in the tank is circulated
through the top of the collector and absorbs this heat.
Figure 3.3: Evacuated tube collectors (right) and flat plate collectors (left).
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Compound Parabolic Concentrator (CPC) is a special non-imaging type of solar
collector, having the highest possible concentrating ratio. It is fabricated in the shape of
two meeting parabolas [32, 33].
The appropriate technology for each application depends on the needed operational
temperature. Generally, there are four different temperature levels, in solar combi plus
systems.
• 40°C for a low temperature space heating system
• 60°C for domestic hot water production
• 70°C typical driving temperature for adsorption chillers
• 90°C typical driving temperature for absorption chillers [29].
Flat-plate solar collectors were designed for use in sunny and warm climates [30]. From
the other side, evacuated tube collectors perform better in colder and cloudier
conditions than the flat plate collectors. This is due to the fact that there is vacuum
between the tube glasses, which minimizes heat losses to the environment. On the other
hand, condensation and moisture problems can cause deterioration of internal materials
resulting in reduced performance and system failure in the case of flat plate collectors
[30]. Futhermore, since the evacuated tube collectors are more efficient than flat plate
collectors, they require less space. In some cases, it may be worth to install a larger
surface area of flat plate collectors instead of evacuated tube collectors since they are
much more expensive.
For each particular application, annual simulations are required in order to specify the
best collector technology for both the needed temperature level and the available
radiation [29].
3.1.2 Sorption chillers
A solar thermal collector system can be used for cooling by integrating a thermally
driven cooling device. There are different types of thermally driven cooling systems
available on the market (figure 3.4).
Sorption technology is utilized in thermal refrigeration techniques and can be classified
in two categories: open sorption systems and closed sorption systems. Futhermore,
closed sorption technology can be classified in absorption refrigeration and adsorption
refrigeration [34].
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Figure 3.4. Solar assisted air conditioning technologies [CRES].
Closed systems are thermally driven chillers providing chilled water so as to supply
cold water via chilled water distribution system. The most used available machines are
absorption chillers and are followed by adsorption chillers.
Open systems, ensure complete air conditioning by supplying cooled and dehumidified
air. In the case of open systems the “refrigerant” is always water, since it is in direct
contact with the atmosphere. The most common refrigeration technique in open systems
are desiccant cooling systems [26].
The main components of an absorption chiller are shown in the following figure.
Figure 3.5. Absorption chiller [13].
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Absorption chiller consist of a generator, a condenser, an evaporator, and an absorber.
In an absorption chiller, the temperature of chilled water is above 0 °C as it is used in
air conditioning and the refrigerant most used is typically a liquid H2O/LiBr solution.
The refrigerant (water) is evaporated in the condenser, where the cooling effect takes
place, at very low pressures. The created vaporised refrigerant is absorbed by a dilute
solution within the absorber. To make the absorption process efficient, the process has
to be cooled. The solution then is pumped to the generator, where the regeneration of
the solution takes place by adding heat. After the generator, the refigerant is pumped to
the condenser where it condenses through the application of cooled water and then is
leaded with an expansion valve again into the evaporator and the procedure is repeated
[26, 35] .
In adsorption chillers solid sorption materials are used. Water is used as refrigerant and
silica gel as sorbent. The adsorption chiller is composed of two sorbent parts (1 and 2 in
the figure 3.5), the evaporator and the condenser. The sorbent in the first compartment
is regenerated using hot water (e.g. from the solar collector) and the sorbent in
compartment 2 simultaneously adsorbs the water vapour entering from the evaporator.
This compartment has to be cooled in order to achieve a continuous adsorption. The
cooling effect takes place in the evaporator where the water is transferred into the gas
phase by being heated from the external water cycle [26, 35].
Figure 3.5. Adsorption chiller.
The refrigerant used in desiccant cooling systems is water and it is in direct contact
with air. The thermally driven cooling cycle is a combination of evaporative cooling
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with air dehumidification by a desiccant, i.e. a hygroscopic material (liquid or solid).
The refrigerant, after providing the cooling effect is discarded from the system, and
new refrigerant is supplied in its place in an open-ended loop. Since there is direct
contact between the atmospere and the refrigerant only water can be used as a
refrigerant. The most common technology applied today uses rotating dehumidification
wheels, equipped either with silica gel or lithium-chloride as sorption chiller [13, 36,
37].
3.2 Types of solar combi plus systems
Solar heat is not always available or enough, especially during winter, in order to cover
the required heating/cooling loads. For this reason a back-up system is imperative.
Three main options exist for a system back-up in solar combi plus systems.
(i) A back-up boiler is used for both heating/cooling and domestic hot water production.
In this case the thermally driven chiller is designed so as to cover the maximum cooling
load (figure 3.6).
(ii) A back – up vapour compression chiller is used for cooling and a back-up boiler is
used for heating. In this case, the thermally driven chiller may be sized at a significantly
smaller capacity as it has not to cover peak cooling loads (figure 3.7) but the system is
more complicated.
Figure 3.6: Solar assisted heating and cooling system using a solar thermal collector for
heating and cooling with a thermally driven chiller [38].
16
(iii) A back - up heat pump is used for both heating/cooling and domestic hot water
production (figure 3.8) reducing the number of components needed.
Figure 3.7: Solar assisted heating and cooling system using a solar thermal collector for
heating and cooling with a thermally driven chiller; a conventional vapor compression
chiller is used as back-up for cooling [38].
Figure 3.8: Solar assisted heating and cooling system using a solar thermal collector for
heating and cooling with a thermally driven chiller; a reversible heat pump is used as
back-up for cooling and heating [38].
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Systems (i) and (ii) are among the most common ones [18]. Systems (ii) and (iii) are
more complex as more components are needed. However, they ensure increased
flexibility and thus these solutions are more interesting in case of large installations like
commercial buildings and hotels. Systems solutions (i) are simpler concerning the
number of components but their efficiency is lower, thus their installation is more
appropriate for offices and domestic buildings [38].
3.3 Applications of Solar Combi Plus Systems in Greece.
Solar combi plus systems have been examined by many researchers [16-20]. Balaras et
al. [5] studied a building located in Athens (Greece), covering  426,6 m2 with a volume
of 1.296,4 m3 constructed in 2000. The solar heating/cooling plant was composed of
95m² Selective Flat Plate Collectors, a 35kW absorption chiller and a heat-pump
(12kw) as a back-up.
Many other solar combi plus pilot implementations have been done in Greece. Some of
them are:
 Domestic application in a 170 m² building in Rhodes, composed of 30m² Selective
Flat Plate Collectors and 10kW absorption chiller.
 Application in the Park of Energy Awareness. Total area of the building equal to
84m². The solar cooling plant was composed of 10m² Selective Flat Plate Collectors,
1.500m³/h Solid DEC system and 500lt Storage tank.
Figure 3.9: Installed Solar Cooling Capacity in Greece and in other Countries in 2007
[CRES].
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Although the Greek market is not mature enough in solar combi plus technology,
Greece was third in the total installed cooling capacity in 2007 (figure 3.9) after Spain
and Germany.
19
4. Sizing of the solar combi plus system
For the partially sizing of the solar combi plus system, the F-Chart method was used for
the initial dimensioning of the system (size of the collector and volume of the tank), the
TEE KENAK Software (v1.29.1.19) was used for calculating the building’s heating and
cooling requirements and Elite Software for the calculation of peak heating and cooling
loads. Finally, Transol was used for the dynamic simulation of the system.
4.1 TEE KENAK Software
The TEE KENAK software, was developed by the National Observatory of Athens
(NOA) for the Technical Chamber of Greece (TEE), as the official national tool used
for the energy performance assessment of buildings in Greece. Its calculation engine is
based on the EPA-NR tool [39], which was upgraded by NOA so as to satisfy national
requirements and European standards, taking into account the relevant national
technical guidelines prepared by TEE (TOTEE 20701-(1-4)/2010).
TEE KENAK Software can calculate the energy demand (kwh/m2 year) for
 Space heating
 Space cooling
 Domestic hot water (DHW)
The energy calculation method that is used for the calculation of space heating / cooling
demand and consumption is the quasi steady monthly method according to EN
ISO13790 [40]. Quasi steady state methods are based on the calculation of the heat
balance during a long period like a month or a whole season. In the case of DHW
demand and consumption the monthly method is used in line with EN 15316.03.01
(2008) [41], EN 15316.03.02 (2008) [42] and EN 15316.03.03  (2008) [43].
The TEE-KENAK software also provides results on consumption per energy-end use,
primary energy and CO2 emissions. The same results can be provided for energy
conservation scenarios concerning the envelope and machinery installations. Last but
not least, results can be derived concerning the simple payback period on an investment
as well as the annual savings on energy.
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4.1.1. Assumptions of TEE KENAK Software
In TEE KENAK software, several assumptions are taken into account for the
calculation of heating/cooling and DHW demand so as to facilitate the introduction of
data of the software user. Some of the assumptions, concerning the residential buildings
are shown in table 4.1.
Table 4.1: Assumptions of TEE KENAK Software [44].
PARAMETERS DEFAULT VALUES
OPERATING TIME 18 hrs, 360 days / year
HEATING CALCULATIONS
Heating period
Climatic zones A, B 1/11 - 15/4
Climatic zones C, D 15/10 - 30/04
Set point temperature, heating mode  (oC ) 20
Relative Humidity, heating mode (%) 40
COOLING CALCULATIONS
Cooling period
Climatic zones A, B 15/05 - 15/09
Climatic zones C, D 01/06 - 31/08
Set point temperature, cooling mode  (oC ) 26
Relative Humidity, cooling mode (%) 45
VENTILATION
Required fresh air [m3/h/m2] 0,75
INTERNAL GAINS
Internal heat gains from lights,  W/m2 0,64
Internal heat gains from persons,  W/m2 4
Internal heat gains from equipment,  W/m2 2
LIGHTING
Lighting in the case of residential buildings is only
considered as a fixed value and it only affects the energy
demand without being included in the energy consumption
breakdown report for the building. 0,1W/m2 heated space
DHW
Mean hot water temperature  (oC ) 45
Annual domestic hot water consumption (m3/bedroom) 27,38
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4.2 F-Chart Method
Many methods have been developed for designing solar energy systems. One of them is
the F–Chart [45] method written by S.A. Klein and W.A Beckman, which is widely
used in designing both active and passive solar heating systems, focusing on the
selection of the size and type of solar collectors (flat plate, evacuated tube collectors)
that provide both hot water and space heating loads [46,47].
4.2.1 Basic Equations of the F-Chart Method
The F-Chart method for liquid working medium systems for Solar Heating and DHW is
presented in figure 4.1. This system is composed by a solar collector array which
absorbs sunlight so as to collect heat. The heat is transferred to the storage tank through
a heat exchanger which separates the fluid used in the solar collector from water
contained in the storage tank. As a heat transfer fluid can be used water or an antifreeze
solution. The heat exchanger between the collectors and the tank is used when the heat
transfer medium is not water. Then the heat is transferred to the load through a circuit
with an auxiliary heater that possibly is on operation when it is needed (to reach the
minimum required temperature). The system is concluded with the addition of valves,
pumps and controllers.
Figure 4.1: Flow diagram of standard liquid working medium systems for SH and
DHW [45].
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The F–Chart method determines the thermal performance of active solar heating
systems (using either liquid or air as the working fluid), by computing f, the fraction of
the monthly heating load (for space heating and hot water) supplied by solar energy as a
function of two dimensionless variables X, Y taking into account the technical
characteristics of the collector, the heating loads, and the local weather data.
The variables X,Y and f are given from the following equations.
= ∙ ′ ∙ − ∙ ∙ ∙ ∙ (4.2.1)= ( ) ∙ ′ ∙ ( )( ) ∙ ∙ ∙ (4.2.2)
f = 1,029Y – 0,065X – 0,245Y² + 0,0018X² + 0,0215Y³ (4.2.3)
Where:
X: Ratio of collector losses to heating loads (dimensionless),
Y: Ratio of absorbed solar radiation to heating loads (dimensionless),
f : Monthly solar fraction (%),
FR: Collector heat removal factor (%),
UL: Collector overall energy loss coefficient (W/m2Κ-1),
FRUL: Technical characteristics of the solar collector, given by the constructor,
F΄R: Collector-heat exchanger efficiency factor (%),
TREF: Reference temperature (100 oC)
Ta: Monthly average ambient temperature (°C),
Δτ: Total number of seconds or hours in the month (s),
Ac: Area of solar collector (m2),
K1: Storage size correction factor (dimensionless),
K2: Hot water factor (dimensionless),
K3: Load heat exchanger correction factor (dimensionless),
HT: Monthly averaged, daily radiation incident on collector surface per unit
area (MJ/m2),
(τα): Monthly average transmittance-absorptance
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FR(τα)n: Technical characteristics of the solar collector, given by the constructor,
N: Number of days in the month,
(τα)/(τα)n: Correction factor for time period and slope of placement. (dimensionless)
L: Monthly total heating load for both space heating and hot water (GJ),
The monthly heating load is calculated by the equation:= + (4.2.4)
The monthly water heating load is calculated by the equation:= ∙ ∙ ∙ ∙ ( − ) ∙ (4.2.5)
Where
NP: Number of People using the DHW system (people)
VP: Demand for hot water per person and day (lt/person-day)
Cp: Thermal equivalent of water (4,180 J/kgK)
ρ: Water density (1 kg/lt)
TW: Domestic Hot water temperature (45 °C)
TM: Average monthly temperature of cold water supply (°C)
N: Days of the month (days)
The monthly heating load LH is calculated from the TEE KENAK Software that also
utilizes the F- Chart method.
The ranges of design parameters used in the F-Chart for liquid working medium
systems are shown in table 4.2.
Table 4.2: Ranges of design parameters.
0,6 ≤ (τα)n ≤ 0,9
5 ≤ F'R A ≤ 120m2
21 ≤ UL ≤ 8,3W/m2 0C
30 ≤ β ≤ 80 deg
83 ≤ (UA)h ≤ 667 W/ 0C
The relationship between f and the dimensionless variable X and Y is shown in figure
4.2 for a liquid medium working system.
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The fraction of the annual heating load supplied by solar energy, f, is the sum of the
products of monthly solar energy fraction fi and the monthly thermal load L i divided by
the sum of the monthly thermal loads Li.
= ∑∑ (4.2.6)
Figure 4.2: The F-Charts for Systems Using Liquid Heat Transfer and Storage [7].
4.2.2 Correction factors
The F-Chart method is based on fixed nominal values concerning three factors: storage
capacity per unit collector area, collector liquid flow rate per unit collector area, and
load heat exchanger size relative to space heating load.
4.2.2.1 Storage Capacity Correction Factor
The F-Chart uses 75 liters of stored water per square meter of collector area as a fixed
value for storage capacity. It can also use other storage capacities in the range of 37,5 to
300 l/m2 by multiplying the dimensionless parameter X by a storage size correction
factor K1.
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= ( , ) (4.2.7)
where M is the fraction of storage tank volume to collector surface (VB/AC) (lt/m2).
4.2.2.2 Hot water Correction Factor
When the solar system is used only for the production of DHW or the load of DHW
covers the biggest percentage of the total load then the dimensionless parameter X must
be multiplied by the correction factor Κ2.
= ( , , ∙ , ∙ , ∙ )( ) (4.2.8)
4.2.2.3 Load Heat Exchanger Size Correction factor
The size of heat exchanger is measured by the dimensionless parameter:= ∙( ) (4.2.9)
The F-Chart uses Z=2 as a fixed value for the size of the heat exchanger. It can also use
other sizes of heat exchangers by multiplying the dimensionless parameter Y by a heat
exchanger  Correction factor K3.= 0,39 + 0,65 ( , ( ( )⁄ )⁄ ) (4.2.10)
In the case that the system is only used for DHW then Κ3=1.
4.3 Elite Software - Chvac
Elite Software – Chvac [48] is a load calculation software which is used since 1979 and
calculates maximum heating and cooling loads for buildings and is mainly used by
HVAC practisioners. “Chvac” complies with the ANSI/ASHRAE/ACCA Standard
183—2007. All the methods used in “Chvac” are described in ASHRAE Handbook of
Fundamentals. The cooling loads can be calculated by two methods: the CLTD
(Cooling Load Temperature Difference) method and the new RTS (Radiant Time
Series) method.
“Chvac” automatically calculates the cooling load and correction factors necessary.
Moreover, it contains outdoor design weather data for over 2,000 cities located around
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the world and it gives the option for changing the weather data as well as adding
weather data for other cities which are not included in the library.
“Chvac’’ is an easy software to use and requests five types of data: general project
data, operating profiles data, indoor/outdoor design data, master data, air handler data,
and zone data.
The general project data includes the project and client name, designer and building
operating  hours. The operating profiles data includes internal operating load schedules.
The indoor/outdoor design data includes the summer and winter outdoor design
conditions (temperature, humidity) as well as the detailed location of the project. The
master data includes the definition of master building material types for roofs, walls,
partitions and windows. The air handler data includes the infiltration and ventilation
rate. The zone data includes the room name, floor length and width, number of people,
equipment watts and lighting watts.
By inserting in the software all the above data, the peak heating and cooling load of the
building is calculated automatically. The peak cooling and heating loads are calculated
so as the selection of the power of the chiller and the boiler in the simulated system to
be enough to cover the energy requirement even in the worst conditions.
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5. Reference Building
F-Chart method and TEE KENAK Software - are applied to a suitable case study; a
typical three-floor residential building (figure 5.1), located in Heraklion (Southern
Greece, 35o33’N–25o18’E, 166 heating days per year, 124 cooling days per year),
Athens (Central Greece, 37o90’N–23o73’E, 166 heating days per year, 124 cooling days
per year), Thessaloniki (Northern Greece, 40o52’N–22o97’E, 198 heating days per year,
92 cooling days per year) and Kastoria (Northwestern Greece, 40o45’N–21o28’E, 198
heating days per year, 92 cooling days per year).
Figure 5.1: Location of the four studied buildings.
The reference building’s length, width and floor height are 10,6, 10,5 and 3m,
respectively. The building longitudinal axis is East oriented and it consists of three
floors, each one covering an area of approximately 97,5 m² (conditioned space), with a
total conditioned space volume of 873 m3. The ratio of windows and door area to the
building’s total lateral conditioned space is 0,23.
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The building configuration, as it is presented in figure 5.2, is very common in Greece.
According to the Hellenic Statistical Authority (EL.STAT.) [49] the numbers of
buildings constructed during the year 2012 was 5.879 with a total area of 1.499.999m2,
resulting in an area approximately 256 m2 per building.
Concerning the reference building simulated, the weather conditions (air dry bulb
temperature, solar radiation and humidity) vary according to the Heraklion, Athens,
Thessaloniki and Kastoria KENAK data files.
Concerning the external opaque surfaces of the building, an absorption and an
emissivity heat transfer coefficient of 0,4 and 0,8 are assumed, respectively. The U-
values of the opaque building envelope are selected so as to cover the maximun
acceptable mean U-value (Um).
Figure 5.2: Floor plan of the Reference multi–family Building
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Concerning the windows, doubleglazed windows were used with different air gap in
glass and different thermal break in the frame so as the U-value of the window as a
whole to cover the maximum acceptable U-value.  In order to account for the solar heat
gain through the windows, a solar transmissivity of 0,55 is assumed.
In tables 5.1, 5.2, 5.3, 5.4, the thermal transmittance of all building elements (opaque
and transparent) is presented for all the cities. The average thermal transmittance and
the surface to volume ratio for all the cases is presented in table 5.5.
Table 5.1: Thermal transmittance of the Reference Building for Heraklion.
a/a Element
Azimouth
Angle Tilt angle
Ui
(W/m2K) Ai (m2)
Ui*Ai
(W/K)
1 Brick Walls S 180,00 90 0,59 29,01 17,12
2 Concrete Walls S 180,00 90 0,60 11,49 6,89
3 Brick Walls W 270,00 90 0,59 28,77 16,97
4 Concrete Walls W 270,00 90 0,60 10,59 6,35
5 Brick Walls W' 270,00 90 0,59 29,97 17,68
6 Concrete Walls W' 270,00 90 0,60 16,92 10,15
7 Brick Walls N 0,00 90 0,59 33,03 19,49
8 Concrete Walls N 0,00 90 0,60 23,37 14,02
9 Brick Walls E 90,00 90 0,59 37,92 22,37
10 Concrete Walls E 90,00 90 0,60 17,94 10,76
11
Brick Walls
(Uncond. Space) 90 0.75 49.71 37.28
12
Concrete Walls SW
(Uncond. Space) 90 0.75 39.54 29.66
13
Door (Uncond.
Space) 90 1.60 5.98 9.57
14
Floor (Uncond
Space) 180 0.60 97.50 58.50
15 Roof 0 0.50 97.50 48.75
16 W1 S 180,00 90 3,20 5,40 17,28
17 W2 W 270,00 90 3,20 13,20 42,24
18 W3 W 270,00 90 3,20 5,40 17,28
19 W4 N 0,00 90 3,20 13,20 42,24
20 W5 N 0,00 90 3,20 13,20 42,24
21 W6 N 0,00 90 3,20 13,20 42,24
22 W7 E 90,00 90 3,20 5,40 17,28
23 W8 E 90,00 90 3,20 0,75 2,40
Total 598,99 548,77
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Table 5.2: Thermal transmittance of the Reference Building for Athens.
a/a Element
Azimouth
Angle Tilt angle
Ui
(W/m2K) Ai (m2)
Ui*Ai
(W/K)
1 Brick Walls S 180,00 90 0,49 29,01 14,21
2 Concrete Walls S 180,00 90 0,50 11,49 5,75
3 Brick Walls W 270,00 90 0,49 28,77 14,10
4 Concrete Walls W 270,00 90 0,50 10,59 5,30
5 Brick Walls W' 270,00 90 0,49 29,97 14,69
6 Concrete Walls W' 270,00 90 0,50 16,92 8,46
7 Brick Walls N 0,00 90 0,49 33,03 16,18
8 Concrete Walls N 0,00 90 0,50 23,37 11,69
9 Brick Walls E 90,00 90 0,49 37,92 18,58
10 Concrete Walls E 90,00 90 0,50 17,94 8,97
11
Brick Walls (uncond.
Space) 90 0,50 49,71 24,86
12
Concrete Walls SW
(uncond. Space) 90 0,50 39,54 19,77
13
Door (uncond.
Space) 90 1,50 5,94 8,91
14
Floor (Uncond
Space) 180 0,45 97,50 43,88
15 Roof 0 0,45 97,50 43.88
16 W1 S 180,00 90 3,00 5,40 16,20
17 W2 W 270,00 90 3,00 13,20 39,60
18 W3 W 270,00 90 3,00 5,40 16,20
19 W4 N 0,00 90 3,00 13,20 39,60
20 W5 N 0,00 90 3,00 13,20 39,60
21 W6 N 0,00 90 3,00 13,20 39,60
22 W7 E 90,00 90 3,00 5,40 16,20
23 W8 E 90,00 90 3,00 0,75 2,25
Total 598,95 468,45
The heating/cooling system is activated for an indoor air temperature higher than 26oC
in the summer season and lower than 20oC for the winter one.
Simulations start at 0:00 of January 1st and ends at 24:00 of December 31st. KENAK
rules for winter space heating intervals (November 1st–April 15th for Heraklion and
Athens and October 15th–April 30st for Thessaloniki and Kastoria) and summer space
cooling intervals (May 15th-September 15th for Heraklion and Athens and June 1st–
August 31st for Thessaloniki and Kastoria) are taken into account.
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Table 5.3: Thermal transmittance of the Reference Building for Thessaloniki.
a/a Element
Azimouth
Angle Tilt angle
Ui
(W/m2K) Ai (m2)
Ui*Ai
(W/K)
1 Brick Walls S 180,00 90 0,44 29,01 12,76
2 Concrete Walls S 180,00 90 0,45 11,49 5,17
3 Brick Walls W 270,00 90 0,44 28,77 12,66
4 Concrete Walls W 270,00 90 0,45 10,59 4,77
5 Brick Walls W' 270,00 90 0,44 29,97 13,19
6 Concrete Walls W' 270,00 90 0,45 16,92 7,61
7 Brick Walls N 0,00 90 0,44 33,03 14,53
8 Concrete Walls N 0,00 90 0,45 23,37 10,52
9 Brick Walls E 90,00 90 0,44 37,92 16,68
10 Concrete Walls E 90,00 90 0,45 17,94 8,07
11
Brick Walls (uncond.
Space) 90 0,40 49,71 19,88
12
Concrete Walls SW
(uncond. Space) 90 0,40 39,54 15,82
13
Door (uncond.
Space) 90 1,40 5,94 8,32
14
Floor (Uncond
Space) 180 0,38 97,50 37,05
15 Roof 0 0,40 97,50 39,00
16 W1 S 180,00 90 2,80 5,40 15,12
17 W2 W 270,00 90 2,80 13,20 36,96
18 W3 W 270,00 90 2,80 5,40 15,12
19 W4 N 0,00 90 2,80 13,20 36,96
20 W5 N 0,00 90 2,80 13,20 36,96
21 W6 N 0,00 90 2,80 13,20 36,96
22 W7 E 90,00 90 2,80 5,40 15,12
23 W8 E 90,00 90 2,80 0,75 2,10
Total 598,95 421,33
The building has a flat roof, so as for the placement of the solar collectors to be
feasible. The ground floor is considered as an unconditioned space.
The energy demand of the building for space heating and DHW, during the winter
period, and the energy demand for space cooling and DHW, during the summer period
is affected from both the monthly average ambient temperature and the building’s
thermal energy transmittance.
32
Table 5.4: Thermal transmittance of the Reference Building for Kastoria.
a/a Element
Azimouth
Angle Tilt angle
Ui
(W/m2K) Ai (m2)
Ui*Ai
(W/K)
1 Brick Walls S 180,00 90 0,39 29,01 11,31
2 Concrete Walls S 180,00 90 0,40 11,49 4,60
3 Brick Walls W 270,00 90 0,39 28,77 11,22
4 Concrete Walls W 270,00 90 0,40 10,59 4,24
5 Brick Walls W' 270,00 90 0,39 29,97 11,69
6 Concrete Walls W' 270,00 90 0,40 16,92 6,77
7 Brick Walls N 0,00 90 0,39 33,03 12,88
8 Concrete Walls N 0,00 90 0,40 23,37 9,35
9 Brick Walls E 90,00 90 0,39 37,92 14,79
10 Concrete Walls E 90,00 90 0,40 17,94 7,18
11
Brick Walls (uncond.
Space) 90 0,35 49,71 17,40
12
Concrete Walls SW
(uncond. Space) 90 0,35 39,54 13,84
13
Door (uncond.
Space) 90 1,30 5,94 7,72
14
Floor (Uncond
Space) 180 0,35 97,50 34,13
15 Roof 0 0,35 97,50 34,13
16 W1 S 180,00 90 2,60 5,40 14,04
17 W2 W 270,00 90 2,60 13,20 34,32
18 W3 W 270,00 90 2,60 5,40 14,04
19 W4 N 0,00 90 2,60 13,20 34,32
20 W5 N 0,00 90 2,60 13,20 34,32
21 W6 N 0,00 90 2,60 13,20 34,32
22 W7 E 90,00 90 2,60 5,40 14,04
23 W8 E 90,00 90 2,60 0,75 1,95
Total 598,95 382,58
Table 5.5: Mean U-values (Um).
HERAKLION ATHENS THESSALONIKI KASTORIA
A/V = 0,68 m-1
Um = 0,92 0,78 0,70 0,64 W/m2K
Um < 0,99 0,89 0,82 0,74 W/m2K
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5.1 Building heating and cooling requirements
The yearly trends of heating, cooling and domestic hot water demands for the four cities
in Greece are shown in table 5.6. Heating and cooling energy requirements in the case
of Athens (34,2 kWh/m2/y for heating and 53,0 kWh/m2/y for cooling) and in the case
of Thessaloniki (51,5 kWh/m2/y for heating and 37,1 kWh/m2/y for cooling) are close.
Conversely, in the case of Heraklion cooling requirements dominate (19,7 kWh/m2/y
for heating and 45,7 kWh/m2/y for cooling) and in the case of Kastoria heating
requirements dominate (70,7 kWh/m2/y for heating and 26,2 kWh/m2/y for cooling).
Concerning the DHW requirements deviations are small (16,6 kWh/m2/y for Heraklion,
17,8 kWh/m2/y for Athens, 19 kWh/m2/y for Thessaloniki and 20,5 kWh/m2/y for
Kastoria).
Table 5.6: Heating and Cooling Demands of the simulated Buildings.
CITY ZONE DEMAND
TOTAL
(kWh/m²)
HERAKLION A HEATING 19,7
COOLING 45,7
DHW 16,6
ATHENS B HEATING 34,2
COOLING 53,0
DHW 17,8
THESSALONIKI C HEATING 51,5
COOLING 37,1
DHW 19,0
KASTORIA D HEATING 70,7
COOLING 26,2
DHW 20,5
During the heating period the highest energy requirements takes place in Kastoria and
the lowest in Heraklion. Conversely, during the cooling period the highest energy
requirements takes place in Athens and the lowest in Kastoria (figure 5.3).
During the cooling period, especially in the period from June to August, it was expected
that the city of Heraklion would have the biggest demand, but the cooling demand is
approximately 16% bigger in Athens. This is due to the fact that the building is
considered to be in the centre of Athens, where the summer monthly mean temperatures
are bigger than that of Heraklion [50] .
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Figure 5.3: Total energy requirements in the four cities during the year.
5.2  Partial dimensioning of the system with the use of F-Chart
The appropriate initial size of the solar collectors and the storage tank will be calculated
with the use of the F-Chart method. The dimensioning of the systems will be done first
for the heating period.
Two types of solar collectors will be examined: selective flat-plate collectors and
evacuated tube collectors, the technical characteristics of which, as they are described
in TEE KENAK are shown in table 5.7.
Table 5.7: Technical characteristics of the solar collectors.
Type of collector FR(τa)n FRUL
[-] [W/m2K]
Selective flat - plate collector 0,77 3,75
Evacuated tube collector 0,70 1,80
The collector-heat exchanger correction factor, F’R /FR, is assumed to be equal to 0,95.
The slope of the collectors in Greece is equal to 450, since the ideal slope for maximum
performance when the solar collectors are used for both heating/cooling and DHW
throughout the year must be equal to the latitude plus or minus 50. The correction factor
(τα)/(τα)n for the optimum slope and orientation in Greece is chosen to be equal to 0,89
for summer (June – August) and equal to 0,93 for the remaining months.
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The size of heat exchanger  (Z=εL Cmin/(UA)b) is assumed to be equal to 2.5 [45].
5.2.1 Heating Period
The choice of the optimum size of collectors and the storage tank will be the result of
two parameters: the biggest solar coverage F (annual heating load covered by solar
energy) and economic viability.
It is well known that the bigger the area of the collectors is, the bigger the coverage of
the heating load from solar energy is, but the suitable area of them is restricted mainly
from the available surface.
In this case, since the available area is equal to 97,5 m2, the areas of the collectors that
will be tested concerning the F will be 30, 40, 50 and 60m2. Simultaneously the size of
the storage tank will be tested and, the values of which will be 3000, 4000, or 5000lt.
In tables 5.8 and 5.9 the effect on fraction F by changing the two parameters
(collectors’ area, volume of tank) in the four cities is depicted.
Table 5.8: Effect on F by changing VB and AC for SFPC.
SELECTIVE FLAT – PLATE COLLECTORS
VB(lt)  / AC(m2) 30 40 50 60
HERAKLION (ZONE A)
3.000 78,40% 85,20% 89,50% 92,50%
4.000 79,10% 85,90% 90,40% 93,60%
5.000 79,70% 86,50% 91,10% 94,30%
ATHENS (ZONE B)
3.000 64,30% 72,30% 78,40% 82,60%
4.000 65,00% 73,30% 79,40% 83,50%
5.000 65,50% 74,00% 80,10% 84,20%
THESSALONIKI (ZONE C)
3.000 48,90% 55,7% 61,30% 66,00%
4.000 49,50% 56,5% 62,30% 67,10%
5.000 50,00% 57,1% 63,00% 68,00%
KASTORIA (ZONE D)
3.000 44,50% 51,10% 56,60% 61,40%
4.000 45,10% 51,80% 57,50% 62,40%
5.000 45,50% 52,30% 58,10% 63,20%
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It is obvious that in the case of evacuated tube collectors the load covered from solar
energy is higher in all cases. The average increase in Factor F from the use of evacuated
tube collectors instead of selective flat plate collectors is, in case of Heraklion: 4,3%,
Thessaloniki: 3,8%, Athens: 3,1% and Kastoria: 2,9%. This increase is not enough to
cover the cost of evacuated tubes which are much more expensive.
Table 5.9: Effect on F by changing VB and AC for ETC.
EVACUATED TUBE  SOLAR COLLECTORS
VB(lt)  / AC(m2) 30 40 50 60
HERAKLION (ZONE A)
3.000 80,60% 88,10% 93,80% 97,20%
4.000 81,00% 88,50% 94,30% 97,50%
5.000 81,30% 88,80% 94,70% 97,60%
ATHENS (ZONE B)
3.000 66,00% 75,20% 81,50% 86,30%
4.000 66,40% 75,60% 81,90% 86,80%
5.000 66,60% 75,90% 82,20% 87,20%
THESSALONIKI (ZONE C)
3.000 50,40% 58,30% 65,10% 71,00%
4.000 50,70% 58,70% 65,60% 71,70%
5.000 50,90% 59,00% 66,00% 72,20%
KASTORIA (ZONE D)
3.000 45,70% 53,00% 59,50% 65,30%
4.000 45,90% 53,30% 60,00% 65,90%
5.000 46,10% 53,60% 60,30% 66,30%
The fraction F is not influenced very much from the size of the storage tank.
Maintaining the size of the collector area constant (50m2) and changing the size of the
storage tank the influence in the F is very small (figure 5.4).
On the other hand, the size of the collector plays a huge role. Maintaining the volume of
the storage tank constant (3000lt) and changing the size of the solar’s collector area  the
influence on the F is large enough (figure 5.5).
Figures 5.4 and 5.5 depict the slope of fraction F to solar collector area and volume
storage tank for the evacuated tube collectors. The same phenomenon exists in the case
of selective flat plate collectors.
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Figure 5.4: Effect of the size of storage tank on F.
Figure 5. 5: Effect of the area of solar collectors on F.
The selected values for the simulation of the building will be:
Volume of the storage tank: 3.000lt, we select the smallest one since the bigger one
does not affect the fraction F so much.
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Area of Solar Collectors: 50m2, although we have bigger coverage in the case of 60m2,
we select that this is the optimum area concerning economic parameters, free space for
maintenance e.t.c.
The fraction F for solar heating and DHW all over the year for the two cases (selective
flat-plate collectors and evacuated tube collectors) is depicted in table 5.10.
Table 5.10: Fraction F for VB=3.000lt and Ac=50m2 in all cities.
F (VB=3000lt,Ac=50m2)
CITY ZONE SFPC ETC
HERAKLION A 89,50% 93,80%
ATHENS B 78,40% 81,50%
THESSALONIKI C 61,30% 65,10%
KASTORIA D 56,60% 59,50%
The solar fraction F is large enough in Heraklion - almost all the heating demand can be
covered - especially with the use of evacuated tube collectors. The solar fraction F is
large enough even in Kastoria -50% of the heating demand can be covered- where the
weather conditions are the worst in comparison with the other four cities.
5.2.2 Cooling Period
The fraction F that was calculated in chapter 5.2.1 concerned the annual heating and
DHW demand. For the coverage of the cooling requirements, the addition of a
thermally driven cooling device is a prerequisite.
For applications such as ar conditioning with chilled water temperatures above 5°C,
water-cooled water-LiBr is the most common device. The thermal coefficient of
performance (COPth) of an absorption cooling system varies depending on operating
conditions such as temperature level and the size of load. The typical COP th of a single-
effect absorption system is 0.5-0.8 [51].
For the estimation of fraction F,  by adding the cooling requirements during the summer
months, we will assume the following:
 The area of solar collectors will be equal to 50m2.
 The size of the storage tank will be 3.000lt.
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 A sorption chiller will be used, namely a single stage LiBr-H2O.
 The COPth will be considered constant and equal to 0,7 for the production of
chilled water at 7˚C.
 Other  losses, such as losses of pipes and cold water storage tank are taken into
account by assuming COPth equal to 0,6.
Since the COPth of the collector is equal to 0,6 to achieve the coverage of the cooling
demand, the power from the solar collectors entering the sorption chiller must be equal
to the cooling demand divided by the COPth. The final cooling requirement for all the
cities is depicted in table 5.11.
Table 5.11: Cooling requirements in the entrance of the sorption chiller.
CITY ZONE
DEMAND
(kwh/m2) MAY JUNE JULY AUG SEPT TOTAL
HERAKLION A COOLING 4,0 18,7 24,8 22,8 5,8 76,2
ATHENS B COOLING 4,3 22,2 29,7 26,5 5,7 88,3
THESSALONIKI C COOLING 0,0 17,2 24,0 20,7 0,0 61,8
KASTORIA D COOLING 0,0 11,7 17,7 14,3 0,0 43,7
5.2.3 Monthly heating/cooling load using F-Chart Method
Applying all of the above the monthly heating and cooling load is depicted in tables
5.12 to 5.15 for all the cities for both types of collectors.
The fraction F for solar heating, cooling and DHW all over the year for the two cases
(selective flat-plate collectors and evacuated tube collectors) is depicted in table 5.16.
The solar fraction F is large enough in Heraklion – 75% of the yearly energy demand
can be covered - especially with the use of evacuated tube collectors. The solar fraction
F is large enough even in Kastoria - 60% of the yearly energy demand can be covered.
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Table 5.12: Monthly heating/cooling load and solar fraction in Heraklion.
HERAKLION
SFPC ETC
Month Li Xi Yi fi fiLi Xi Yi fi fiLi
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month)
Jan 9,38 4,73 1,32 0,72 6,72 2,27 1,20 0,78 7,35
Feb 7,59 5,27 1,72 0,86 6,54 2,53 1,56 0,94 7,13
Mar 5,90 7,40 2,92 1,00 5,90 3,55 2,66 1,00 5,90
Apr 2,46 16,55 7,99 1,00 2,46 7,94 7,27 1,00 2,46
May 6,26 6,43 3,50 1,00 6,26 3,09 3,18 1,00 6,26
June 21,32 1,73 1,00 0,70 14,88 0,83 0,91 0,70 14,84
July 27,63 1,35 0,81 0,60 16,49 0,65 0,73 0,59 16,28
Aug 25,45 1,46 0,87 0,64 16,17 0,70 0,79 0,63 16,01
Sept 7,58 4,92 2,84 1,00 7,58 2,36 2,58 1,00 7,58
Oct 1,70 23,71 11,00 1,00 1,70 11,38 10,00 1,00 1,70
Nov 2,69 15,12 5,53 1,00 2,69 7,26 5,03 1,00 2,69
Dec 6,65 6,55 1,87 0,86 5,71 3,14 1,70 0,96 6,38
Total 124,61 93,11 94,58
F= 74,7% 75,9%
Table 5.13: Monthly heating/coolingload and solar fraction in Athens.
ATHENS
SFPC ETC
Month Li Xi Yi fi fiLi Xi Yi fi fiLi
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month)
Jan 13,67 3,31 0,95 0,58 7,88 1,59 0,86 0,62 8,45
Feb 10,79 3,77 1,21 0,70 7,60 1,81 1,10 0,75 8,11
Mar 7,94 5,57 2,11 0,98 7,74 2,67 1,92 1,00 7,94
Apr 2,91 14,10 6,30 1,00 2,91 6,77 5,73 1,00 2,91
May 6,85 5,84 3,00 1,00 6,85 2,80 2,73 1,00 6,85
June 25,24 1,44 0,81 0,59 14,95 0,69 0,73 0,59 14,83
July 32,94 1,10 0,65 0,50 16,63 0,53 0,59 0,50 16,34
Aug 29,52 1,23 0,74 0,56 16,53 0,59 0,67 0,55 16,28
Sept 7,65 4,83 2,75 1,00 7,65 2,32 2,50 1,00 7,65
Oct 2,00 20,27 9,04 1,00 2,00 9,73 8,22 1,00 2,00
Nov 5,12 8,07 2,62 0,99 5,09 3,87 2,38 1,00 5,12
Dec 11,17 3,98 1,06 0,61 6,81 1,91 0,96 0,66 7,42
Total 155,80 102,64 103,90
F= 65,9% 66,7%
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Table 5.14: Monthly heating/cooling load and solar fraction in Thessaloniki.
THESSALONIKI
SFPC ETC
Month Li Xi Yi fi fiLi Xi Yi fi fiLi
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month)
Jan 18,56 2,57 0,60 0,38 7,07 1,24 0,55 0,42 7,73
Feb 13,86 3,06 0,84 0,52 7,27 1,47 0,77 0,56 7,80
Mar 9,74 4,67 1,52 0,81 7,86 2,24 1,38 0,87 8,50
Apr 3,77 11,10 4,57 1,00 3,77 5,33 4,16 1,00 3,77
May 2,36 17,15 8,34 1,00 2,36 8,23 7,58 1,00 2,36
June 20,09 1,84 0,99 0,69 13,79 0,88 0,90 0,69 13,82
July 27,24 1,36 0,79 0,58 15,90 0,65 0,72 0,58 15,72
Aug 23,62 1,58 0,88 0,63 14,90 0,76 0,80 0,63 14,83
Sept 1,86 20,55 10,08 1,00 1,86 9,86 9,16 1,00 1,86
Oct 2,46 17,17 6,15 1,00 2,46 8,24 5,59 1,00 2,46
Nov 8,59 5,05 1,35 0,71 6,11 2,43 1,22 0,79 6,74
Dec 16,11 2,91 0,65 0,40 6,39 1,40 0,59 0,44 7,07
Total 148,25 89,73 92,65
F= 60,5% 62,5%
Table 5.15: Monthly heating/cooling load and solar fraction in Kastoria.
KASTORIA
SFPC ETC
Month Li Xi Yi fi fiLi Xi Yi fi fiLi
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month) ( - ) ( - ) ( - )
(GJ/
month)
Jan 21,76 2,27 0,57 0,37 8,13 1,09 0,52 0,40 8,76
Feb 17,23 2,56 0,72 0,47 8,07 1,23 0,66 0,50 8,59
Mar 12,45 3,77 1,29 0,75 9,32 1,81 1,18 0,79 9,90
Apr 5,48 7,88 3,14 1,00 5,48 3,78 2,86 1,00 5,48
May 2,56 16,46 7,44 1,00 2,56 7,90 6,77 1,00 2,56
June 14,45 2,66 1,40 0,86 12,43 1,27 1,27 0,88 12,69
July 20,57 1,86 1,02 0,71 14,51 0,89 0,93 0,71 14,54
Aug 16,92 2,29 1,23 0,80 13,48 1,10 1,12 0,81 13,64
Sept 1,89 20,97 10,04 1,00 1,89 10,07 9,12 1,00 1,89
Oct 3,31 13,22 4,88 1,00 3,31 6,34 4,43 1,00 3,31
Nov 13,09 3,46 0,95 0,57 7,48 1,66 0,86 0,62 8,07
Dec 20,90 2,34 0,53 0,34 7,05 1,12 0,48 0,37 7,74
Total 150,60 93,71 97,16
F= 62,2% 64,5%
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Table 5.16: Fraction F for VB=3.000lt and Ac=50m2 in all cities.
F (VB=3000lt,Ac=50m2)
CITY ZONE SFPC ETC
HERAKLION A 74,72% 75,90%
ATHENS B 65,88% 66,69%
THESSALONIKI C 60,53% 62,49%
KASTORIA D 62,22% 64,51%
5.3 Building peak heating and cooling loads
The building’s heating and cooling loads were calculated by Chvac Software for the
four different cities (table 5.17). The results obtained from the carried out simulations for
the four cities are reported more analytically in Appendix A.
The indoor design data and the U-Values of the building elements are the same with
them used in TEE KENAK Software. The outdoor data were selected from ASHRAE
Handbook Fundamentals [52] only for the cities Heraklion, Athens and Thessaloniki.
Monthly design conditions for dry bulb temperature (with mean coincident wet bulb
temperature) correspond to 0,4% cumulative frequency of occurrence for indicated
month. Outdoor data didn’t exist for the city of Kastoria in ASHRAE Handbook
Fundamentals and they were taken from METEONORM [53].
Table 5.17: Peak Heating and Cooling Loads.
CITY ZONE Heating Load[kW]
Cooling
Load [kW]
HERAKLION A 8,92 7,22
ATHENS B 10,21 7,77
THESSALONIKI C 12,22 8,28
KASTORIA D 13,11 3,71
The biggest peak heating load (13,11 kW) is presented in the city of Kastoria because it
has the lowest design temerature (-7,5 oC) and the lowest peak heating load in the city
of Heraklion (8,92kW)  since it has the higher design temperature (5,3oC).
Concerning the peak cooling load Heraklion and Athens have approximately the same
load (7,5kW), The biggest peak cooling load takes place in Thessaloniki (8,28kW) and
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the lowest in Kastoria (3,71kW). Although Heraklion and Athens are warmer than the
city of Thessaloniki, Thessaloniki presents the highest cooling load because its
calculation depends on the worst condition (highest temperature) which takes place in
Thessaloniki.
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6. Transient Simulation
In order to conduct a transient dynamic simulation of the solar combi plus system the
solar thermal energy software Transol was used. Transol is a tool for the design,
calculation and optimization of solar thermal systems, based on the dynamic simulation
engine of TRNSYS [54].
In Transol many configurations are included to simulate the performance of solar
thermal systems for covering heating demand of industrial processes, cooling/heating of
buildings or thermal demand in covered swimming pools. New systems have been
included to design systems for covering domestic hot water (DHW) and heating/cooling
demand  in detached houses, multi dwelling buildings or collective buildings [55].
6.1  System Configuration and Modelling
For the simulation of the case study buildings, the scheme SCH601 is employed. That is
a solar thermal system for producing hot water space heating and cooling with an
external heat exchanger, solar and auxiliary tanks with indirect connection, and
connections from the boiler direct to the space heating and indirect to DHW as shown
in figure 6.1.
The main components of the system are the solar collector field and the solar tank. The
exchange of energy between the solar collector field and the solar tank takes place
through an external heat exchanger. There is also an auxiliary storage tank, in the
bottom of which the solar tank is connected by an immersed heat exchanger. At the top
of the auxiliary tank, a hydraulic auxiliary heater is connected which warms up the
internal water through an immersed heat exchanger. In the distribution loop a
recirculation flow can be defined to obtain the DHW consumption temperature.
The cold distribution loop is simulated always as a variable flow loop, with constant
inlet and return temperatures.
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Figure 6.1: System SCH601 – Transol.
The space heating loop can be powered from the bottom of the solar tank, or directly
from the boiler in case the desired temperature can not be achieved. Temperatures and
flow in this circuit can be variable or fixed. The primary solar loop (solar field – heat
exchanger) can be controlled either by radiation or by temperature. In the first case, the
pump starts when the incident radiation reaches a value equal to that given by the user
and in the second case the differential control compares the temperature of the solar
field with that at the bottom of the solar tank. The secondary solar loop control (heat
exchanger – solar tank) can be activated simultaneous with the primary solar loop
control or defined in a separate differential control that compares the temperature in the
hot side of the heat exchanger with the bottom of the solar tank. In all cases the pump
flow rate can be either fixed or variable. In the system, safe temperature values are
defined for the solar tank and the collectors and in the case temperatures exceed these
values, the system stops.
In the case that the solar tank temperature is lower than a set point temperature or there
is space heating demand and the temperature at the solar tank is not high enough then
the auxiliary system is activated.
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The thermally driven chiller is also connected to the solar tank which switches on when
both cooling demand exists and the temperature at the solar tank is over a set point
temperature. The flow rate through the generator is kept constant, so in order to adjust
the power of the device, the outlet fluid is mixed at the inlet. A mixing valve keeps the
tower return at a user defined temperature.
The values used in the TRANSOL deck file, will be analyzed step-by-step for the city
of Thessaloniki, giving simultaneously the needed values and data for the rest three
cities so as to run successfully the program.
6.2  Simulation
Since TRANSOL includes climatic data for all over the world, the first step is to select
the meteorological data (figure 6.2) of the site where the simulation takes place. In this
case, Thessaloniki. Meteorological Data are used in a TMY2 format, that is they
represent a typical meteorological year.
In the first step, the definition of the simulated period is also appropriate (figure 6.3). In
this case the simulated period is defined from the the 1st of January at 0:00 h (1h) to the
31st of December at midnight (8760h). The simulation lasts one year with a time step
equal to 0,5h.
Concerning the cold water temperature, four choices are given
 Correlation based on ambient temperature (only valid for sites located in USA).
 Correlation based on mean water temperature, where the annual mean value of the
temperature (ºC), the amplitude (ºC) and the day of the year  where it is expected to
have the maximum value must be given.
 Country regulation (only valid for sites located in Spain and France).
 Set monthly mean temperatures where the user defines the mean monthly values
for the cold water temperature, all the months.
The last option will be used in this simulation and the temperatures of cold (grid) water
that will be used are that of TEE KENAK (table 6.1)
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Figure 6.2: Meteorological data.
Table 6.1: Cold water temperatures per month and zone.
Grid Water Temperature (Tm)  [ oC]
ZONE /
MONTH 1 2 3 4 5 6 7 8 9 10 11 12 MONTH/CITY
A 14,7 14,2 14,8 17,2 20,6 24,5 27,3 28,2 27,2 24,7 20,9 17,2 Heraklion
B 11,3 10,9 11,8 14,3 17,7 21,6 24,7 25,7 24,2 21,1 16,9 13,5 Athens
C 8,2 7,9 9,2 12,8 16,8 20,2 21,5 22,8 22,1 19,4 15,7 11,0 Thessaloniki
D 6,5 6,6 8,2 11,1 14,4 18,3 21,5 23,2 21,7 18,1 13,4 9,2 Kastoria
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Figure 6.3: Simulation Properties.
6.3 Building Parameters
In this step the heating and cooling parameters are calculated and the heating
parameters are defined.
6.3.1 Heating
In the tab "Heating" (figure 6.4), the design forward temperature of the heating system
(Inlet temperature) and the design return temperature of the heating system (Return
temperature) are defined. The heating elements which are used in this system are
fancoils units and their inlet/outlet temperatures are set equal to 40oC/ 30oC.
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The design temperature is also defined and depends on the location where the system is
designed. In Thessaloniki, the design temperature is equal to -2 oC. The design
temperatures were selected from ASHRAE Handbook Fundamentals for the coldest
month, for dry bulb temperature which corresponds to 1% cumulative frequency of
occurrence for this month. The limit temperature is the temperature at which the
building does not need more heat.
In the total reference surface, the total area of the building is added which is equal to
292,5 m2.
Figure 6.4 : Building Parameters/ Heating.
In the tab "Heating Circuit" (figure 6.5), the heights of the solar tank where the inlet
and return heating system is connected are defined (Inlet:0,6 and Outlet:0,2). The
heating circuit is directly connected to the storage or to a heater. A three way valve
allows the mix of the inlet heating circuit with the return heating circuit, in the case that
the storage temperature is higher than the forward temperature. The type of the heating
installation is a group system. In this case the losses of the heating distribution loop are
set equal to 5%.
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Figure 6.5 : Building Parameters/ Heating Circuit.
The nominal heating mass flow is the nominal flow rate through the heating loop and is
equal to 2000kg/h. However, the actual flow rate could change depending of the control
strategy defined for the heating loop. Concerning the control strategy, the chosen option
is the ‘’Variable flowrate, inlet and outlet temperature’’ where the mass flow and the
inlet and outlet temperatures are regulated to meet the heating loads during the heating
period.
All the input values except from the design temperatures are the same for all the cities
(table 6.2).
Table 6.2: Design temperature for the four cities.
DesignTemperature  [ oC]
Heraklion 7
Athens 3
Thessaloniki -2
Kastoria -4
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6.3.2 Properties of the building
In this section the main properties of the building (figure 6.6), are specified, which is
supposed to have rectangular shaped storeys.
Figure 6.6 : Properties of the building.
The number of the floors, their height and the length of the south facade are specified
which are 3, 3 and 7 respectively.
The length (L) of the south facade must always be equal or greater than:≥ [6.1]
Where,
St: Τotal building surface
Np: Number of floors.
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Since the longest façade is not oriented to the south, the building must be rotated 270ο,
so as for the biggest façade to be oriented to the south.
Moreover, the type of construction, the Um, and the type of the windows will be
defined. The real Um for the buildings exmined have already been calculated in chapter
5, but as the library of TRANSOL is restricted, we will select the values which are
closer to these values (table 6.3). Moreover, concerning the type of windows, the
selection of them will be that which is closer to the values (table 6.3) used for the
calculation of Um.
Table 6.3: Type of construction and window for all the cities.
City (Zone)
Um
(W/m2K) Type of windows
Heraklion (A) 0,98 Clear, double, with 8 mm air gap
Athens (B) 0,82 Clear, double, with 8 mm air gap
Thessaloniki (C) 0,73 Clear, double, with 16 mm air gap
Kastoria (D) 0,66 Low-e double with 8 mm air gap
Moreover the percentage (%) of openings in the walls for every façade is also defined
(figure 6.6).
Concerning the infiltration the air changes per hour are equal to 0,7.
6.3.3 Heating and Cooling
In this section (figure 6.7), the main properties of the heating and the cooling system
are defined.
The main properties of the heating/cooling system, which are:
 The percentage of the radiative part of the emission which in our case is equal to
5%, since the terminal units are fan coils.
 The temperature inside the house during the day (20oC) and during the night (15oC)
for the heating period.
 The maximum  specific power for cooling and heating demand, which are set equal
to 70W/m2 and 27W/m2 respectively and
 The temperature inside the house during the cooling period. In this case, the fixed
value of temperature is selected equal to 27 oC.
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Figure 6.7 : Main properties of the heating and cooling system.
6.3.4 Gains and Lighting
In this section the building internal gains due to the occupation and artificial lighting
are defined (figure 6.8).
The generic internal gains, excluding those generated by the people and lighting, for a
residential application are set equal to 2,5 W/m².
The internal gains due to occupation are set equal 0,04 occupants/m² which is
approximately equal to 4 person in 100 m². Their activity is supposed to be a residential
building activity.
The internal gains due to artificial lighting are set equal to 10 W/m². Moreover, it is
defined the horizontal radiation, where the lighting turn on and turn off (figure 6.8).
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Figure 6.8 : Gains and Lighting.
In the studying buildings there are no movable or fixed protections.
Generally, in the tab ‘’Building Parameters’’ all the input values are the same for all the
buildings except those which are depicted in tables 6.1-6.3.
6.4  Solar Collector
In this tab the technical characteristics and the position of the solar field are defined
(figure 6.9). The type of collectors selected in the solar field is that of flat plate
collectors, which are the most common used in moderate climates like Greece.
Moreover, the increase in solar fraction (tables 5.10, 5.16) from the use of evacuated
tube collectors does not cover their increased price.
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In the framework ‘’Characteristics’’ the technical characteristics of the solar panel are
defined. Concerning the values no (optical efficiency), a1 (linear heat loss coefficient),
a2 (quadratic heat loss coefficient), which are the main parameters that define the
collector efficiency, are equal to the values given in TEE KENAK. The remaining
values, IAM, Height, Qt and capacitance were defined equal to values most used in the
solar European markets.
Figure 6.9 : Sollar Collectors technical characteristics and  position.
The collector field is composed of 24 units of flat plate collectors and each one have
2,1m2 unitary area. The unitary area is the absorber area of the collector. The solar field
has south orientation (00) and they are installed at a slope equal to 35ο. The floor where
the collectors are installed has no inclination.
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The configuration of the solar field is the following: four rows, each one with a total
length of 6,5 m and six pieces of flat plate collectors. The distance between the solar
collectors’ rows is equal to 4m.
6.5  Solar Storage Tank – Heat exchanger
The solar tank helps to preserve the delivered energy from the solar field, since the
solar energy is not always available. One vertical solar tank (figure 6.10) will be used
with a total volume of 2.000lt .
Figure 6.10 : Solar Storage Tank.
The solar tank is insulated with Polyurethane flexible foam of 100mm thickness and
with this insulation its loss coefficient is equal to 0,864 KJm-2K-1.
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The location of the connection points are defined with relationship to the relative height
of the tank. The upper part of the tank has a relative height of 1 and the lower one has a
value of 0.  The connection points for this case are shown in figure 6.10.
The thermal transfer coefficient of the selected heat exchanger is selected equa1 to
10kW/ K.
Figure 6.11 : Thermal transfer coefficient of heat exchanger.
6.6 Hydraulic Auxiliary System and Storage
Due to the unpredictable nature of solar radiation, auxiliary heat production
components are especially beneficial on humid days with high cloud coverage.
In the examined system the conventional auxiliary energy is delivered by a gas
condensing boiler which is connected to the auxiliary storage by an hydraulic loop,
through a heat exchanger. In most cases the heat exchanger is inside the auxiliary
storage tank and is connected to the lower part of the auxiliary storage at the position
0,3. The technical characteristics of the boiler are depicted in figure 6.12.
The sizing of the auxiliary system must cover the total DHW and the temperature on
which the boiler turns on (Aux. system set temperature = 50 °C) must be higher than the
DHW consumption temperature (45 °C). Moreover, the size of the auxiliary system
must be able to cover the demand even in the coldest day. The peak heating load in
Thessaloniki is 12,22 kW. Thus the boiler (23,8 kW) can cover this demand.
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A supplementary auxiliary energy storage (figure 6.13) is necessary so as to preserve a
temperature level high enough to meet the demand under any conditions, since the
designed solar thermal system (Ac=50 m2) is sized to cover only a part of the energy
demand for all the cities. Concerning the sizing of the auxiliary storage it must be
approximately equal to the maximum demand (600 lt/day) In the examined system, the
auxiliary system is sized equal to 500 lt.
Figure 6.12 : Hydraulic Auxiliary System.
Although the peak loads for the heating period are not the same for all the cities (table
5.15), the size of the auxiliary boiler and the storage tank remains the same, since the
gas condensing boiler’s power is the smallest that exists in the market.
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Figure 6.13 : Auxiliary Storage.
6.7 Cooling System
The cooling system is generally comprised of the thermally driven chiller, the cooling
tower and the cold storage tank.
6.7.1  Thermally Driven Chiller
For applications such as air conditioning with chilled water temperatures above 5 °C,
water-cooled water-LiBr is the most common pairing, the technical characteristics of
which are shown in figure 6.14.
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Figure 6.14 : Thermally driven chiller.
6.7.2  Cooling Tower
In the cooling system a heat rejection sub-system must be integrated. The most common
heat rejection system for absorption cooling is the cooling tower.
The cooling tower rejects the energy from the warm working fluid to the ambient air.
Cooling towers can be either open-circuit systems or closed-circuit systems. In the open-
circuit systems exists a direct contact between the air and cooling-water but in the closed-
circuit systems exist indirect contact between the cooling-water and the air through heat
exchanger walls.  An open circuit cooling tower was chosen, since it has smaller fans
(decrease electricity consumption), the technical characteristics of which are shown in
figure 6.15.
6.7.3  Cold storage tank
Like hot storage tank, cold storage can be added in order to store energy at times of high
radiation for use at times when the available solar energy is not sufficient to meet the
cooling demand.
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Figure 6.15 : Cooling Tower.
The average COPth of a LiBr chiller is below 1 (COPth = 0,7) which means that storage
upstream of the chiller (hot storage tank) must be larger than an equivalent storage
downstream of the chiller (cold storage tank). Practically, this means that the hot storage
tank of the system (2000lt) must be bigger than the cold storage tank. The selected size of
the cold storage tank is equal to 1000lt. The cold storage tank is insulated with
Polyurethane flexible foam of 80mm thickness and with this insulation its loss
coefficient is equal to 1,08 Kj/hm2K. The connection points are also depicted in figure
6.16.
Although the peak loads for the cooling period are not the same for all the cities (table
5.15), the size of the thermally driven chiller and the storage tank remains the same,
since the gas absorption has the smallest power that exists in the market and this power
covers all the cases.
6.8 DHW consumption
The temperature of use of the hot water is selected equal to 45oC. This temperature must
always be lower than the storage temperature of the water in the solar tank and in the
auxiliary storage and the final temperature of  45oC is obtained by mixing the cold water
from the grid with the stored water.
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Figure 6.16 : Cold Storage tank.
In the examined system, we consider four people per floor, which results in a total
number of 12 people in the building. Moreover, according to TEE KENAK, the  DHW
consumption for each person per day is 50lt. Thus the total demand is 600lt/day (figure
6.17).
Concerning the definition of the DHW consumption profiles, the simplified demand
profile is selected. The European daily profile and the Mensual annual profile are selected
from the library of Transol (figure 6.17).
6.9 Solar/Distribution loop and pumps
The energy loop losses are grouped in two loops, the solar loop, which includes the
primary and secondary solar loop and the distribution loop, which includes all the
distribution loop.
The primary loop pipes must have a diameter so as to facilitate the circulation of the
thermal fluid at the recommended flow rate, typically 20 to 100 l/h per m² of collector,
with a speed lower or equal to 1,5 m/s.
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Figure 6.17 : DHW Consumption.
In the examined system, there are 50 m2 collectors with a selected flow rate of
Qt=50lt/h/m2. Thus, the total flow rate is equal to 2500lt/h. The speed is selected equal to
1m/s. The above conditions can be achieved by copper pipe of internal diameter equal to
26mm.
The solar loop pipes can be either in contact with the ambient air (external pipes) or in
contact with engine room air (internal pipes). The total length of the external pipes are the
same as that of internal pipes and equal to 30m (figure 6.18).
It is obvious that the insulation needed for the external pipes is bigger than that of the
internal pipes. Polyethylene foam of thickness 30mm is selected for the external pipes
and 19mm for the internal pipes.
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Figure 6.18 : Solar loop.
Figure 6.19: Distribution loop.
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The distribution loop includes (figure 6.19) all the pipes from the engine room to the
consumption points which in this case are equal to 30m. The selected pipe for the
distribution loop is PPR 40*3.7, and the insulation used is polyethylene foam of 19mm
thickness.
Five pumps must be defined (figure 6.20):
 The primary pump in the primary solar loop.
 The secondary pump in the secondary solar loop.
 The connection pump, which provides cold water in the system.
 The Generator pump in the hot water circle of the absorption chiller.
 The Recooling pump in the cold water circle of the absorption chiller.
 The Evaporator pump in the chilled water circle of the absorption chiller.
The technical characteristics of the pumps are shown in table 6.4.
Table 6.4: Technical characteristics of the pumps.
Pumps Mass flow (kg/h) Power (W)
Primary Pump 1.500 36
Secondary Pump 1.000 27
Connection Pump 100 25
Generator Pump 2.651 56
Recooling Pump 3.943 69
Evaporator Pump 1.600 42
Figure 6.20: Pumps.
66
6.10 Control functions
Due to the complexity of the total system, two distinct control strategies are defined for
the management of the system. The solar loop control and the control of the absorption
chiller.
6.10.1 Solar loop control
For the regulation of the solar loop a radiation sensor - having the same inclination and
orientation as the collector- is situated in the collector field, and another sensor which is
regulated according to irradiance, in the primary loop pump (figure 6.21). When the
irradiance of the collector is higher than 300 W/m2, then the primary loop pump switches
on and when the irradiance is lower than 250 W/m2 then the primary loop pump switches
off.
Figure 6.21: Solar loop control.
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Since the system has an external heat exchanger, the primary and secondary pump can be
controlled simultaneously.
The mass flow rate is considered variable (target temperature: 55oC , minimum flow rate:
30% ) and the maximum temperature values allowed to be reached so as the system to be
in safe operation, are 100oC for the primary loop and 90oC for the solar tank.
An antistagnation system is not used.
6.10.2 Cooling control
The control of the absorption chiller is defined by the operating conditions of the
absorption Chiller (figure 6.22). The chiller requires a hot medium temperature equal to
75°C with a dead band of 5 °C in order to produce chilled water at a temperature of 10
°C. The minimum temperature of the room at which the chiller is turned on is 27°C.
The heating/cooling system is composed of fan-coil units, which have a forward/return
temperature equal to 10 °C/15 °C. The total maximum flow rate of the cooling system is
equal to 3500kg/h.
Figure 6.22: Cooling Control.
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6.11 Results and discussion
In the simulated system, many data were changed -area and orientation of the solar
collectors, volume of thermal and auxiliary storage in the system, changes in the pipe
diameter and length, and various system operational control strategies- so as to have the
better performance of the system.
In this chapter the results, obtained in the carried out simulation, are reported. The
discussion starts with the analysis of the building envelope.
6.11.1 Heating/Cooling and DHW demands
In figures 6.23-6.26 the DHW, Heating and Cooling demand are depicted respectively.
In table 6.5 is depicted the total required demand.
In these figures it is possible to observe that for the simulated building in Thessaloniki,
quite similar heating and cooling energy requirements are obtained (15,4 MWh/y for
heating and 11,6 MWh/y for cooling). Concerning the DHW the energy requirement is
equal to 7,8 MWh/y.
Figure 6.23: DHW energy demand analysis.
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Figure 6.24: Space heating energetic demand.
Figure 6.25: Space cooling energetic demand.
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Table 6.5: Total system required demand.
[kWh] DHWDemand
HEATING
Demand.
COOLING
Demand
January 977 4.277 0
February 945 3.185 0
March 836 2.079 0
April 718 298 0
May 599 0 751
June 421 0 2.624
July 249 0 3.503
August 283 0 3.515
September 438 0 1.225
October 571 179 6
November 715 1.710 0
December 1.011 3.756 0
TOTAL 7.763 15.484 11.624
6.11.2  Energetic results
The energetic results of the solar combi plus system are depicted in table 6.6. The
‘’gross’’ demand is the required demand plus the losses in the circuit.
The 23% (solar contribution = 14.990kWh) of the total incident radiation can be used to
cover heating, cooling and DHW demands. The yearly fraction F for heating, cooling and
DHW demand is equal to 6%, 62% and 71% respectively. Since not all the demand can
be covered from the solar energy the yearly auxiliary energy needed for heating, cooling
and DHW is equal to 14.834 kWh, 9.561 kWh and 2.783 kWh respectively.
6.11.3  System efficiency losses
The total solar incident radiation in the solar field is 65.744 kWh. Taking into account the
efficiency of the collector field (27%)  and the losses due to shading of the collector field
(5%)  the total solar field production is 18068 kWh (figure 6.26). After the subtraction of
primary loop pipes losses and storage losses (table 6.7), the remaining amount (14.990
kWh)  contributes to the Heating, Cooling and DHW production.
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Table 6.6: Solar combi plus system energetic results in kWh.
[kWh]
Solar
incident
radiation
Solar
contrib
ution
DHW
gross
demand
Heating
Gross
demand
Cooling
gross
demand
DHW
solar
contrib
ution
Heating
solar
contribu
tion
Cooling
solar
contribu
tion
January 3.011 547 1.121 4.321 1 468 79 0
February 3.352 651 1.074 3.224 2 498 153 0
March 4.847 1.020 983 2.133 8 695 223 102
April 6.279 1.305 872 315 20 811 45 449
May 7.360 1.741 760 1 819 746 1 994
June 7.633 1.935 581 0 2.655 571 0 1.364
July 7.967 1.987 416 0 3.541 427 0 1.560
August 7.910 2.123 449 0 3.553 455 0 1.668
September 6.739 1.586 608 1 1.253 602 1 983
October 4.790 942 724 189 19 657 88 198
November 3.256 654 854 1.753 4 490 164 0
December 2.599 499 1.147 3.763 -3 386 113 0
TOTAL 65.744 14.990 9.590 15.700 11.874 6.806 866 7.318
Figure 6.26: Losses of the collector field.
The system losses are depicted in table 6.7. The biggest percentage of them are attributed
to the solar storage followed by the primary loop pipes and the auxiliary storage. The
heating and distribution pipes do not contribute too much to the total losses of the system.
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Last but not least, the heat losses (solar storage, auxiliary storage, distribution pipes,
heating pipes) are gains for the building during the winter period (October-April) as they
are installed inside the building. Taking into account these heating gains (2188 kWh), the
space heating load can be reduced and the heating solar fraction is increased to 19%.
In conclusion, the total yearly gross energy demand of the building is 37.163 kWh and
the total yearly solar contribution is 14.990 kWh. Thus, the total yearly solar coverage F
is 40,3% and with the addition of the heating gains during the heating period the final
yearly solar coverage F is 46,2%.
Table 6.7: Losses in the system.
[kWh]
Solar field
production
Primary
loop pipes
Solar
storage
Auxiliary
storage
Distribution
pipes
Heating
pipes
January 663 59 107 89 57 71
February 829 67 95 79 50 59
March 1.288 97 132 92 56 53
April 1.629 128 161 97 57 17
May 2.082 146 176 102 59 0
June 2.229 150 178 102 57 0
July 2.375 160 189 109 58 0
August 2.478 156 187 108 58 0
September 1.904 141 188 109 61 1
October 1.211 104 157 97 56 10
November 743 63 117 86 53 50
December 636 46 85 83 56 67
TOTAL 18.068 1.317 1.772 1.153 678 328
The results obtained from the carried out simulations for the three other cities (Heraklion,
Athens and Kastoria) are reported in Appendix B.
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7. Conclusions
In this dissertation, the F-Chart method was used for the initial dimensioning of the
system, the TEE KENAK Software was used for calculating the building’s heating and
cooling requirements and TRANSOL was used for the dynamic simulation of the
system.
The calculated heating and cooling energy requirements as calculated by TEE KENAK
and TRANSOL are in general the same. In the case of TRANSOL, there is a 2% and
7% increase of the heating and cooling requirement respectively. In F-Chart the used
heating and cooling energy requirement for the dimensioning of the system were that of
TEE KENAK. The main differences in the energy requirements takes place in the case
of the DHW energy requirement. The lowest demand is calculated from TEE KENAK
and is increased by 44% in F-Chart and by 39% in TRANSOL (when not taking into
account heating losses of the tank). The DHW energy requirements of F-Chart and
Transol are close.
Table 7.1: Energy demands of the building in Thessaloniki.
DEMAND
[kWh/y]
TEE
KENAK F-CHART TRANSOL
HEATING 15.064 15.064 15.484
COOLING 10.852 10.852 11.624
DHW 5.558 8.031 7.763
In the case of F-Chart and Transol the total demand per day was set equal to 600lt/day.
(12persons, 50lt/person). Thus the total demand per year was 219.000lt/year. In TEE
KENAK the total demand of water must be set equal to 27,38m3/bedroom/year (6
bedrooms). Thus the total yearly demand is equal to 164.280 lt/year, lower than that
used in the other methods. This is the main reason of this large deviation.
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About the percentage of the solar contribution to the production of Heating, Cooling
and DHW, there is a large difference in the two methods (table 7.2). The solar factor F
of F-Chart is almost 30% bigger than that of TRANSOL. The differences occurs to a
large percent to the different meteorological data (solar radiation,outlet temperature)
that they are used in the two methods. Secondly, in the case of F-chart, losses (solar
storage, auxilary storage, pipe losses) were not taken into account dynamicly, but at a
set 5%. Last but not least, the needed required demands (heating, cooling) for the
calculations of the solar factor F in F-chart were that of TEE KENAK which are smaller
than that of Transol.
Table 7.2: Solar coverage F.
Method
Yearly solar
coverage
F
F-Chart 60,50%
Transol 46,20%
In conclusion, it is evident that solar combi plus systems can cover at least 50% of the total
heating and cooling needs of a typical three floor building in Greece, providing a solution
towards nearly zero energy buildings.
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APPENDIX A
Peak heating and cooling loads calculated from Elite Sotware for the four cities.
Figure A.1: Peak heating and cooling load in Heraklion.
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Figure A.2: Peak heating and cooling load in Athens.
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Figure A.3: Peak heating and cooling load in Thessaloniki.
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Figure A.4: Peak heating and cooling load in Kastoria.
79
APPENDIX B
Results obtained from the carried out simulations (Transol) for the cities: Heraklion,
Athens and Kastoria.
 Heraklion
Figure B.1: DHW energy demand analysis (Heraklion).
Figure B.2: Space heating energetic demand (Heraklion).
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Figure B.3: Space cooling energetic demand (Heraklion).
Table B.1: Total system required demand (Heraklion).
[kWh] DHWDemand
HEATING
Demand
COOLING
Demand
January 804 1.915 0
February 785 1.912 0
March 705 1.420 0
April 620 527 8
May 518 20 313
June 348 0 2.131
July 188 0 4.840
August 214 0 4.523
September 340 0 2.113
October 453 14 586
November 588 280 0
December 826 1.323 0
TOTAL 6.390 7.411 14.513
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Table B.2: Solar combi plus system energetic results in kWh (Heraklion).
[kWh]
Solar
incident
radiation
Solar
contribution
DHW
gross
demand
Heating
Gross
demand
Cooling
gross
demand
DHW
solar
contribu
tion
Heating
solar
contrib
ution
Cooling
solar
contribu
tion
January 5.835 1.482 971 1.972 11 713 754 15
February 5.280 1.419 937 1.962 19 677 679 63
March 7.695 1.700 893 1.468 26 813 771 116
April 7.702 1.447 815 553 68 784 454 209
May 7.752 1.406 714 21 355 712 19 675
June 8.185 1.881 522 1 2.164 517 1 1.363
July 8.485 1.996 368 0 4.878 374 0 1.622
August 8.872 2.290 398 0 4.561 399 0 1.890
September 8.067 1.986 522 0 2.144 521 0 1.464
October 6.815 1.405 639 15 622 627 16 762
November 5.666 1.095 773 299 31 729 190 176
December 4.000 915 980 1.369 9 616 299 0
TOTAL 84.355 19.020 8.532 7.661 14.889 7.480 3.184 8.356
Figure B.4: Losses of the collector field. (Heraklion).
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Table B.3: Losses in the system (Heraklion).
[kWh]
Solar field
production
Primary
loop
pipes
Solar
storage
Auxiliary
storage
Distribution
pipes
Heating
pipes
January 1.796 121 127 105 63 57
February 1.587 107 117 97 58 50
March 2.078 147 154 119 69 48
April 1.742 159 169 125 71 26
May 1.736 152 177 125 70 2
June 2.203 165 163 112 62 1
July 2.348 173 173 119 61 0
August 2.646 181 174 121 63 0
September 2.326 170 169 117 64 0
October 1.686 145 169 120 67 2
November 1.411 125 158 118 67 20
December 1.082 85 116 98 60 45
TOTAL 22.641 1.729 1.866 1.375 776 251
 Athens
Figure B.5: DHW energy demand analysis (Athens).
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Figure B.6: Space heating energetic demand (Athens).
Figure B.7: Space cooling energetic demand (Athens).
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Table B.4: Total system required demand (Athens).
[kWh] DHWDemand
HEATING
Demand
COOLING
Demand
January 894 2.392 0
February 869 1.840 0
March 775 1.269 0
April 684 111 13
May 580 1 954
June 397 0 3.369
July 216 0 5.048
August 245 0 4.895
September 397 0 2.636
October 533 57 322
November 686 580 0
December 936 1.842 0
TOTAL 7.213 8.092 17.237
Table B.5: Solar combi plus system energetic results in kWh (Athens).
[kWh]
Solar
incident
radiation
Solar
contribution
DHW
gross
demand
Heating
Gross
demand
Cooling
gross
demand
DHW
solar
contribu
tion
Heating
solar
contribu
tion
Cooling
solar
contribu
tion
January 4.889 1.020 1.055 2.445 3 685 335 0
February 4.831 1.111 1.012 1.890 1 702 409 0
March 5.788 1.046 949 1.309 14 727 252 67
April 7.473 1.239 884 120 84 858 105 277
May 8.425 1.462 788 1 994 797 2 663
June 8.865 2.254 576 0 3.402 576 0 1.677
July 9.680 2.789 394 0 5.090 395 0 2.395
August 9.952 3.055 425 0 4.936 425 0 2.630
September 8.820 2.436 580 0 2.670 584 0 1.852
October 6.756 1.301 733 62 363 674 36 590
November 4.535 861 845 605 15 686 155 20
December 3.895 777 1.089 1.887 0 591 185 0
TOTAL 83.911 19.352 9.330 8.318 17.573 7.700 1.480 10.171
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Figure B.8: Losses of the collector field (Athens).
Table B.6: Losses in the system (Athens).
[kWh]
Solar
field
prod.
Primary
loop
pipes
Solar
storage
Auxiliary
storage
Distribution
pipes
Heating
pipes
January 1.334 108 147 101 61 57
February 1.299 101 134 91 55 50
March 1.395 121 168 110 65 39
April 1.579 151 214 128 72 8
May 1.893 177 229 134 74 0
June 2.630 178 199 115 63 0
July 3.187 195 204 117 61 0
August 3.457 199 204 118 63 0
September 2.832 188 205 117 65 0
October 1.588 150 216 129 72 5
November 1.111 101 159 101 59 25
December 985 81 132 97 59 49
TOTAL 23.290 1.748 2.212 1.358 770 234
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 Kastoria
Figure B.9: DHW energy demand analysis (Kastoria).
Figure B.10: Space heating energetic demand (Kastoria).
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Figure B.11: Space cooling energetic demand (Kastoria).
Table B.7: Total system required demand (Kastoria).
[kWh] DHWDemand
HEATING
Demand
COOLING
Demand
January 1.022 4.937 0
February 981 4.276 0
March 859 2.907 0
April 756 804 0
May 650 81 165
June 454 0 1.238
July 249 0 2.689
August 278 0 2.123
September 445 0 397
October 600 522 0
November 772 2.864 0
December 1.064 4.590 0
TOTAL 8.129 20.981 6.611
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Table B.8: Solar combi plus system energetic results in kWh (Kastoria).
[kWh]
Solar
incident
radiation
Solar
contribution
DHW
gross
demand
Heating
Gross
demand
Cooling
gross
demand
DHW
solar
contribu
tion
Heating
solar
contribu
tion
COO
solar
contribu
tion
January 4.359 782 1.189 5.019 -1 512 271 0
February 4.801 1.122 1.135 4.338 0 604 518 0
March 6.984 1.700 1.040 2.960 8 801 886 13
April 7.957 1.756 950 843 18 942 721 94
May 8.899 1.349 866 88 241 862 88 398
June 9.089 1.938 649 0 1.272 650 1 1.288
July 9.903 2.560 440 0 2.725 439 0 2.121
August 9.788 2.316 477 0 2.158 478 0 1.838
September 8.788 1.322 662 0 435 677 0 644
October 6.425 1.135 795 548 27 747 302 86
November 4.370 989 934 2.927 1 559 429 0
December 4.222 832 1.229 4.660 -2 509 323 0
TOTAL 85.585 17.800 10.365 21.383 6.883 7.780 3.538 6.482
Figure B.12: Losses of the collector field (Kastoria).
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Table B.9: Losses in the system (Kastoria).
[kWh]
Solar
field
prod.
Primary
loop
pipes
Solar
storage
Auxiliary
storage
Distribution
pipes
Heating
pipes
January 1.007 93 137 104 65 83
February 1.361 91 129 96 59 72
March 2.027 141 169 114 67 67
April 2.154 163 199 123 70 38
May 1.767 178 235 139 77 8
June 2.344 185 217 126 69 0
July 2.979 205 217 125 65 0
August 2.742 199 224 131 69 0
September 1.763 175 241 140 76 0
October 1.406 130 204 125 70 29
November 1.123 91 138 101 61 62
December 1.098 84 130 102 64 79
TOTAL 21.771 1.735 2.241 1.426 814 440
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